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PROJECT  TITLE:  10  K  CRYOCOOLER  DEVELOPMENT 


PROJECT  MANAGER:  Brian  M.  Whitney 
CONTRACTOR:  Lockheed  -  3  Stage  Stirling  Cryocooler 
CONTRACT  NUMBER:  F29601-92-C-0110 

DESCRIPTION:  Cryocooler  designs  with  minimal  weight,  high  efficiency  and  reliability 
are  sought  by  this  program.  This  project  will  develop  the  technology  to  provide 
continuous  cooling  at  10  K.  Cryocoolers  at'  this  temperature  range  are  enabling 
technology  for  future  satellites  the  use  VLWIR  focal  plane  arrays  or  low  temperature 
superconducting  devices.  Such  low  temperatures  are  required  for  IR  sensor  cooling  to 
increase  the  signal-to-noise  ratio. 

OBJECTIVES:  This  program  was  broken  into  three  separate  phases.  The  objective  of 
Phase  1  was  to  identify  cooling  methods  and  critical  components  necessary  for  the 
development  of  a  continuous  10  Kelvin  cryocooler.  This  Phase  was  to  contain  several 
contractors,  each  with  their  own  conceptual  design.  The  objective  of  Phase  2  was  to 
design,  develop  and  fabricate  the  critical  components  of  the  cryocooler  and  then  to 
characterize  and  evaluate  these  components.  This  would  essentially  be  a  "proof-of- 
principle”  phase  that  would  give  an  initial  GO/NO-GO  decision  point  for  any  of  the 
contractors  in  Phase  2.  The  objective  of  Phase  3  was  to  downselect  to  the  most 
promising  technology  and  bring  that  program  through  building  an  engineering  design 
model  (EDM)  and  evaluating  the  performance  of  that  EDM  at  Phillips  laboratory. 

TECHNICAL  DEFICIENCIES:  Thermodynamic  efficiency  decreases  as  temperature 
decreases  (i.e.  it  takes  increasing  amounts  of  power  to  cool  to  lower  and  lower 
temperatures).  To  reach  temperatures  as  low  as  10  Kelvin  the  thermodynamic 
efficiency  drops  to  a  few  percent  of  what  is  theoretically  possible.  Much  of  this  is  due  to 
losses  in  the  system,  such  as  regenerator  (heat  exchanger)  losses  in  the  cold  end. 
Regenerator  materials  naturally  lose  heat  capacity  and  thermal  conductivity  below 
approximately  20  Kelvin,  thus  making  cooling  to  these  temperatures  increasingly  difficult. 
The  10  K  Cryocooler  program  is  designed  to  advance  technology  to  make  these  systems 
more  efficient. 


TECHNICAL  APPROACH:  Begin  with  system  engineering  to  define  cryocooler 
design/performance  requirements  of  future  space  systems  at  10  K.  Begin  development 
of  critical  components  which  need  advancement  beyond  state-of-the-art  to  reach  these 
requirements.  These  components  will  be  fabricated  and  tested  to  demonstrate  the 
improvement  in  cryocooler  performance  they  would  enable.  This  demonstration  will  allow 
selection  of  the  most  promising  approach  for  the  engineering  model.  Design,  fabricate 
and  test  an  engineering  development  model  (EDM)  cryocooler  to  demonstrate 
continuous  10  K  cooling. 


SYSTEM  REQUIREMENTS: 


Cooling 


Input  power 
Weight 

Total  satellite  penalty 
Operational  life 


0.15  W@  10  K 
2.0  W  @  35  K 
5.0  W  @  80  K 
< 1000 W 
<100  kg 
<250  kg 
10  years 


Accesion  For 


NTIS  CRA&I 
DT!C  TAB 
Unannounced 
Justification 


By . 

Distribution  / 


Availability  Codes 


Dist 


C-3i 


Avail  and/or 
Special 


Reliability 

Vibration 


>  .95 
<  .05  N 


USER  NEED  /  PRIORITY:  Supports  LWIR,  VLWIR  requirements 

COST  /  PERFORMANCE  PAYOFF:  Enabling  technology  for  future  satellites  that  use 
VLWIR  focal  plane  arrays  or  low  temperature  superconducting  devices. 


KEY  MILESTONES:  Oct  92 :  Begin  Phase  1  (3  contractors) 

Mar  93 :  Downselect  to  one  contractor  (Aerojet  Corp) 

Mar  93 :  Lockheed  contract  canceled 

SUMMARY: 

This  contract  was  let  in  Oct  1992  as  part  of  a  three  pronged  effort  to  pursue 
cryogenic  cooling  at  10  Kelvin.  TRW,  Lockheed,  and  Aerojet  were  contracted  to 
perform  preliminary  component  designs,  trade  studies,  critical  component 
identification  and  Phase  2  test  plan  under  Phase  1  of  this  program.  Lockheed 
proposed  a  three  stage  Stirling  cryocooler  to  satisfy  the  requirements  of  this 
program . 

This  effort  by  lockheed  proved  to  be  unsatisfactory  at  the  end  of  Phase  1  due  to 
the  inability  to  meet  all  of  the  specified  requirements.  Although  Lockheed’s  design 
theoretically  could  have  met  the  cooling  requirements  it  used  more  than  the  allotted 
1000  W  of  input  power  and  more  than  the  allotted  350  kg  of  total  spacecraft 
penalty  weight.  Because  of  the  requirements  issue,  Lockheed  was  not  chosen  to 
continue  into  Phase  2  of  the  10  K  program  and  the  program  was  canceled. 
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100  micron  Er3Ni  spheres  with  porosity  -  38% 
cooling  power - 0.61  Watts 


A  ir  Force 
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POWER  BUDGET  SUMMARY 


TOTAL  POWER  INPUT  528  WATTS  1000  W  MAX. 
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THREE  CARDS  INSTEAD  OF  TWO  ARE  REQUIRED  TO  DRIVE  THE 
TWO  LARGER  COMPRESSOR  MOTORS 


IF  CURRENT  RIPPLE  CAN  BE  TOLERATED  ON  THE  28  VDC  POWER  BUS, 

THE  ENCLOSURE  MUST  ONLY  GROW  ENOUGH  TO  HOUSE  THE  ADDITIONAL 
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RELATIVE  POWER  CONSUMPTION  Air  Force 

FOR  VARIOUS  STAGES  Phillips  Laboratories 


Results  Show  first  stage  dominates  the  power  requirements 


CRITICAL  COMPONENTS  Air  Force 

ASSESSMENT  AND  RESOLUTION  Phillips  Laboratories 
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Hardware  is  existing  and  readily  available. 
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-  Stainless  steel  screens  with  graduated  size  distribution 

-  "Roiled"  Screens  to  Reduce  Porosity 
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CRES  wire  cloth  -  various  meshes 
Phosphor  Bronze  wire  cloth  -  various  meshes 

Metallurgy  Division  of  NIST,  Gaithersburq,  MD 
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Toshiba,  Westboro,  MA 

Er3Ni  -  0.18-0.45  mm  powder 
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80K  BASELINE  COMPATABLE  WITH  ALIGNMENT  SCHEME 

-  FIRST  USE  OF  CENTERING  DEVICE  TO  BE  IMPLEMENTED  ON  SCRS 


PISTON  /  CYLINDER  ALIGNMENT  JEST 
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SRPM  MODEL  FEATURES 

(PAGE  1  OF  2) 


-  AMAR  &  CANNON  CALCULATION  FOR  PRESSURE  DROP  IN  REGEN  SCREENS 

-  GORRING  &  CHURCHILL  EMPIRICAL  CONDUCTIVITY  EQN  FOR  REGEN  MATRIX 

-  LAMINAR  AND  TURBULENT  TRANSPORT  IN  TRANSFER  LINE 

-  ENTRANCE/EXIT  EFFECTS  IN  ALL  CONTRACTIONS/EXPANSIONS 


GOVERNING  EQUATIONS  USED  IN  THE  REGENERATOR 


friction  pressure  momentum  momentum 

force  gradient  divergence  change 


SMITH’S  COMPLEX  NUSSELT  NUMBER  FOR  HEAT  TRANSFER 


1-Twall  (K) 
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KAYS  AND  LONDON  S  HEAT  TRANSPORT  IN  HEAT  EXCHANGERS 
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GORRING’S  HEAT  CONDUCTION  OF  HETEROGENEOUS  MATERIALS 
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ARMOUR  AND  CANNON’S  FRICTION  FACTOR  FOR  PRESSURE  DROP  IN  REGENERATOR 


Plain  Dutch 
Twilled  Dutch 


CRYOCOOLERS  VALIDATED  BY  SRPM 
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Three-stage  Stirling  nodal  diagram 
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Provide  Summary  Report  of  work. 


SUMMARY 


•  Low  porosity  regenerators  improve  performance 
significantly,  particularly  in  2nd  and  3rd  stages 

3rd  stage:  0.30  porosity  spheres,  2  sizes 
2nd  stage:  0.55  porosity  screen  (flattened) 

1st  stage:  0.60  porosity  screen  (flattened) 

•  Optimum  mean  pressure  is  1.5  MPa 

•  Minimum  clearance  gap  occurs  in  3rd  stage 

•  Both  20  Hz  and  40  Hz  cases  studied 

•  REGEN3.1  used  for  analysis  of  all  regenerators 

•  Degradation  factor  of  0.85  used  to  convert  isothermal 
PV  expansion  work  to  gross  refrigeration  power  in  each 
stage 

•  Real  gas  properties  used  in  calculations 

•  Actual  input  PV  power  taken  as  1.5  times  calculated 
isothermal  PV  power  to  account  for  compressor  losses 

•  Efficiency  of  85%  assumed  for  conversion  of  electrical 
to  PV  power  in  linear  resonant  compressor 


20  Hz  and  40  Hz  Operation 
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Comp,  swpt  vol. _ 26 _ 19 _ 

Input  el.  power _ 408  W _ 427  W 

%  input  power  12%,  28%,  60%  20%,  29%,  51% 


Nomenclature: 


Regen.  mat. 


Fortuity 


Mesh 


Par.  dia(nm 


\  (cm*) 


D  (mm) 


(W) 


b  (W) 


b,  (W) 


4  (W) 


(W) 


(W) 


0.  (W) 


Q,*  (W) 


(W) 


REGEN3.1 


Factor 


Expansion  space  swept  volume  (or  volume  of  gas  passing  through  regen.)(magn.&phase) 


Diamoter  of  displacer 


Thickness  of  cylinder  wail  _ 


Thickness  of  gap  between  displacer  and  cylinder  wall 


Regenerator  matrix  material 


Porosity  of  regenerator  matrix 


Mesh  size  of  screen  used  for  regenerator  matrix  (if  screen  ia  used) 


Diameter  of  spherule  particles  in  regenerator  matrix  (if  spheres  are  used) 


Total  cross  sectional  area  of  regenerator  (matrix  plus  gas) 


Diameter  of  regenerator 


Length  of  regenerator 


Volume  of  gas  in  regenerator 


Ratio  of  regenerator  gas  volume  to  expansion  space  swept  volume 


Pressure  ratio  at  cold  end  of  regenerator 


Ratio  of  dynamic  pressure  amplitude  to  the  mean  pressure 


Ratio  of  average  pressure  drop  in  one  direction  to  the  mean  pressure 


The  log-mean  temperature  of  the  regenerator,  Tf »  (Th-TJ/lnCIh/T,) 


Mass  flow  rata  into  the  expansion  space  volume  (magnitude  and  phase) 


Mass  flow  rate  at  the  cold  end  of  the  regenerator  (magnitude  and  phase) 


Rate  of  change  of  mass  within  the  regenerator  due  to  pressure  change  (magn.  and  phase) 


Mass  flow  rate  at  hot  end  of  regenerator  (magnitude  and  phase) 


Total  work  flow  at  cold  end  of  regenerator 


Work  flow  into  expansion  apace  volume  (isothermal  conditions) 


Maximum  gross  refrigeration  power  in  expansion  space  (includes  real  gaa  effects) 


Actual  gross  refrigeration  power  in  practical  system 


Regenerator  loss  due  to  ineffectiveness  of  regenerator 


Conduction  loss  in  regenerator  matrix 


Conduction  lose  in  tube  (pressure  confining  tube) 


Conduction  down  displacer  (excluding  any  regenarator  matrix) 


Loss  due  to  flow  in  gap  between  displacer  and  cylinder 


Shuttle  heat  loss 


Net  refrigeration  power 


Work  flow  at  hot  end  of  regenerator  (neglecting  pressure  drop) 


Work  flow  at  hot  end  of  regenerator  (including  pressure  drop  in  regenerator) 


Compressor  PV  work  required  to  provide  flow  work  into  expansion  space  volume 


Sum  of  compressor  PV  work  required  for  specified  stage  plus  all  colder  stages 


Run  number  from  REGEN3.1  analysis  used  for  these  calculations 


Factor  that  is  used  to  multiply  the  mass  flows,  cross-sectioal  areas,  volumes,  and  powers  in 
the  REGEN3.1  analysis  to  adjust  to  the  size  needed  for  this 


Parameter  3rd  Stage 
10  £0.15  W 


(Phase) 

(deg) 


•133 


•  133 


1st  Stage 
80  K,  5  W 


(Phase) 

(dog) 


•133 


Table  4.  Characteristics  of  cold  stages,  40  Hz,  1.5  MPa,  4.4  mm  stroke. 


2nd  Stage  (Phase) 

36  K,  2  W  (dog) 


0.436 


12.11 


0.41 


25 


phos.  bronze 


0.55 


250 


Regen.  mat.  |  composite 


Porosity 


Mesh 


Par.  dia(|im 


183 


0.900 


10.70 


30.0 


0.81 


11.41 


1.700 


0.2593 


0.00939 


19.96 


0.81 


0.81 


1.91 


1.13 


1.50 


1.50 


1.52 


1.29 


0.76 


0.12 


0.02 


k*  <w) 

0.19 

E9E3I 

6.03 

|Whw  (W) 

6.26 

WBrm  end 
300  K 


REOEN3.1 


Factor 


Table  4b.  Characteristics  of  aftercooler  and  compressor,  40  Hz,  1.5  MPa. 


Table  5.  Characteristics  of  cold  stages,  40  Hz,  1.5  MPa,  4.4  mm  stroke,  smaller  1st. 


Table  1.  Characteristics  of  three  cold  stages,  20  Hz,  1.5  MPa,  6.0  mm  stroke. 


Table  lb.  Characteristics  of  aftercooler  and  compressor,  20  Hz,  1.5  MPa. 


Table  2b.  Characteristics  of  aftercooler  and  compressor,  20  Hz,  1.5  MPa. 


Table  3b.  Characteristics  of  aftercooler  and  compressor,  20  Hz,  1.5  MPa. 
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Regenerator  Design 
Technical  Approach 
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signs  build  on  capabilities  of  composite  perforated  plates 
nearly  arbitrary  Cr  -  subject  only  to  volume  constraints 
maximum  HA  per  unit  AP  and  DV 
minimum  DV  for  given  hA  and  AP 
all  designs  investigated  can  be  built 
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100  micron  Er3Ni  spheres  with  porosity  =  38% 
cooling  power = 0.61  Watts 
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100  micron  Er3Ni  spheres  with  porosity  =  38% 
mass  flow  =  11.0x10-*  kg/sec 
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lower  porosity  reduces  the  hA  product 

lower  porosity  increases  the  pressure  drop.  The  pressure  drop 
can  increase  to  the  point  that  REGEN  3.1  cannot  find  a  solution 
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Base  designs  on  capabilities  of  composite  perforated  plates 

-  nearly  arbitrary  Cr  -  subject  only  to  volume  constraints 

-  maximum  hA  per  unit  AP  and  DV 

-  minimum  DV  for  given  HA  and  AP 

-  all  designs  investigated  can  be  built 
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LOCKHEED  COMPONENT  WEIGHT 
BREAKDOWN 


Reference  Drawing  1061CSK-0006 


DESCRIPTION 


CENTER  HOUSING 


DIAPHRAGM 
INNER  SUPPORT 
INNER  STATOR 
MOTOR 

(COPPER  AND  IRON) 


(RECIPROCATING  MASS) 
•PLUNGER 
•CARRIER  BODY 
•MTG  RING 

•MAGNETS  AND  WRAP 
•MAKE-UP 


(PRESSURE  VESSEL) 
•MAIN  BODY 
•SHELL  END 
•BELLOWS 
•BELLOWS  CAP 
•CLAMP 


(MOTOR  FRAME) 

•MTG  RING 
•SUPPORT  CYLINDER 
•WEBS  (x5)  0.06"  THK 


(CAPACITANCE  PROBE) 

•CENTER  TIP 
•GUARD 


MATERIAL 


STN  STEEL 


17-4  PH 
ALUM  ALLOY 
HYPERCO  LAMS 
HYPERCO  LAMS 
SQUARE  WIRE 


ALUM  ALLOY 
ALUM  ALLOY 
ALUM  ALLOY 


STN  STEEL 
STN  STEEL 
INCONEL  718 
STN  STEEL 
STN  STEEL 


ALUM  ALLOY 
ALUM  ALLOY 
ALUM  ALLOY 


ALUM  ALLOY 
ALUM  ALLOY 


WEIGHT  (Lbm) 

"each  total 


4.295 


0.346 

0.850 

1.680 

4.220 


6.750 


0.199 

0.137 

0.058 

0.918 

0.369 


1.682 


.946 

.446 

.203 

.079 

.332 


3.006 


0.056’ 

0.139 

0.198 


0.393 


0.007 

0.053 


0.060 


4.295 
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FINAL  ASSEMBLY 


Angularity  Piston-to-Liner:  <50-(jrad 
Centering:  <25%  of  Nominal  Gap. 
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systems. 

-  Extensive  development  of  finite  element  thermodynamic  programs. 


SYSTEM  SUBSTANTIALLY  BELOW  WEIGHT  AND  POWER  LIMITS 


oc 

o 

Q.  (0 

DW 

LU 

*cc 

OQ. 


CD  O 
(1)0 

<p 


UJ 

—  LL 

CC  o 
OC 

OC  UJ 

OH 

(0  UJ 

(Oil 


o< 
Oz 
(9  2 


E< 

<E 

m  CO 
00  ^ 

UJO 


Dlu 

x  3 

UJ 

JO 


OQ 

coz 

2  UJ 


Q 

UJ 

H 

OUJ 

DOO 

Or, 


oc  £2 

ui  t 


<o 

p 

■ 

II 

UJ 
LL  UJ 

OOC 

<0« 

UJ< 

CO  Q 

So 

<° 

So 


Qu  rr!  UI 

UJ 

<0  UI 
o  I  UJ 

2f=o 


UJ  UJ 

OH  ■ 

J  (/) 

?,HO 

Uj  UI  > 

Is  3 

«°o 

Z  OC  uj 


OujO 

X$C0 

ujS^ 


cooz 

UJ  Q  < 


d<CO 

*-^o 


oo< 

(OSH 

UJ^Z 


Oh 

ac  coco 

UI  CO  OQ 
O  UJ  D 
<0C(O 


CO  q  tz 


H 

CO  co 
C0C3 


“O 

occo 

UJCO 

o  Uj 


( Oq 
DO 


DISTRIBUTION  LIST 


AUL/LSE 

Bldg  1405  -  600  Chennault  Circle 


Maxwell  AFB,  AL  36112-6424  1  cy 

DTIC/OCC 
Cameron  Station 

Alexandria,  VA  22304-6 145  2  cys 

AFSAA/SAI 

1580  Air  Force  Pentagon 

Washington,  DC  20330-1580  1  cy 

PL/SUL 

Kirtland  AFB,  NM  87117-5776  2  cys 

PL/HO 

Kirtland  AFB,  NM  871 1 7-5776  1  cy 

Official  Record  Copy 

PL/VTPT/Brian  Whitney  2  cys 

Dr.  R.  V.  Wick  1  cy 

PL/VT 


Kirtland,  AFB,  NM  87117-5776 


